O 2 ) to produce cytotoxic reactive oxygen species (ROS) to damage neoplastic cells. 4, 5 This minimally-invasive, light-activated therapeutic treatment allows accurate targeting of tumor sites and reduces off-site effects associated with systemic chemotherapies. 6 It is particularly promising for cancers such as MG that occur well within the 1 cm tissue penetration limit of light. Conventional PDT agents, e.g. porphyrin-based PSs, suffer from dark toxicity, prolonged skin sensitivity, and hepatotoxicity, which limit their application as therapeutic agents. 7 Transition metal complexes have emerged as promising candidates for the next generation of PDT agents due to their tunable coordination environments and varied spectral and redox properties. [8] [9] [10] [11] [12] [13] [14] Recently, we reported two Ru/Os polyazine monometallic complexes as photoactivated-oxygen-dependent DNA and protein cleaving reagents. 15 The complexes show enhanced cytotoxicity towards F98 rat MG cells upon irradiation with visible light. However, the oxygen dependence of these monometallic complexes limits their potential use as PDT agents due to the hypoxic environments that commonly characterize MGs and many other tumors. 16 Extensive research has focused on efforts to conjugate PSs to known chemotherapeutic agents, such as cisplatin analogues, to develop a new class of potential PDT agents. [17] [18] [19] [20] Among these, mixed-metal supramolecules stand out because of their ability to interact with biomolecules (e.g. DNA and protein) simultaneously via multiple means. 21, 22 A promising yet challenging design is the incorporation of photochemically activated bioactive sites (PAB) with thermally activated bioactive sites (TAB) through bridging ligands (BL). These novel supramolecular architectures could be triggered by multiple pathways to react with biological targets and lead to cancer cell necrosis and/or apoptosis. Bimetallic Ru-Pt complexes are a class of PAB-BL-TAB molecules in which the ruthenium center plays a dual role as light absorber and PAB, while the cisplatin-like moiety acts as a TAB. [23] [24] [25] It has been shown that Ru-Pt heteronuclear complexes are potential PDT agents where Ru and Pt work synergistically and in a light-dependent manner, thus leading to covalent binding to DNA (platination) through the TAB, and DNA photocleavage through the PAB. 26, 27 Furthermore, the MLCT-activated DNA photobinding agent that also produces ROS. By harnessing the properties of the individual components in a supramolecular architecture, this compound opens interesting new prospects for a combined anticancer approach. In fact, we showed that excitation with visible light leads to population of a Ru(dp) -dpp(p*) MLCT state, which affords enhanced electron density on the dpp ligand, while reducing the Lewis acidity of the platinum center with consequent photolabilization of the Pt-Cl bond. 27, 30 The photorelease of such ligands is expected to facilitate its reaction with biological targets and thus represents a new pathway of activation of Pt(II) compounds to the classical hydrolysis mechanism. Furthermore, preliminary experiments using blue light activation provided evidence for DNA cleavage even after oxygen removal through six freeze-pump-thaw cycles. 26 In this study we demonstrate the photodynamic activity of Ru(II)-Pt(II) both in vitro with purified plasmid DNA and for the first time with rat MG F98 cells, a model for human glioblastoma. The complex exhibited low toxicity in the dark, but substantially higher cytotoxicity than the classic chemotherapeutic drug cisplatin following exposure to blue light. We also uncovered evidence that the effective cytotoxicity of Ru(II)-Pt(II) at least in part reflects the higher cell membrane permeability and cellular uptake of the complex relative to cisplatin and two other classical chemotherapeutic drugs.
The Ru(II)-Pt(II) title complex was prepared using the previously described building block method and validated by electrochemical analyses (Fig. S1 and S2, ESI †). 27 To examine the bioactivity of this molecule in further detail, Ru(II)-Pt(II) was reacted with plasmid DNA in vitro under dark and irradiated conditions (455 and 625 nm). The samples were then examined using agarose gel electrophoresis, which provides a quick and facile evaluation of the complex for both binding and cleavage of DNA. 31 As presented in Fig. 2 , plasmid DNA incubated with the complex in the dark (lane D) showed a slight decrease in electrophoretic mobility of the supercoiled form (SC) compared to the control containing plasmid DNA alone (lane C), likely due to covalent binding of the complex to the biomolecule. This change is enhanced upon incubation at 37 1C (lane T) and is therefore attributed to thermal aquation of the cis-PtCl 2 moiety, a well-known behavior of cisplatin, followed by substitution of an aquo ligand for a purine base in DNA. 32 Both blue (lane B) and red (lane R) light activation enhanced the interaction of the complex with DNA compared to dark conditions. The increase in the relative amount of open circular (OC) DNA in these samples is a clear indication of enhanced cleavage, which could arise from DNA oxidation by singlet oxygen or other ROS originating from dissolved O 2 or H 2 O, respectively. 27 Since both cleavage and binding were promoted upon photolysis, the two metals play a synergistic role in the multifunctional modification of the biomolecule: the Ru-based PS generates oxidative stress while the Pt-based moiety promotes DNA platination. Importantly, the ability of Ru(II)-Pt(II) to bind and cleave DNA was preserved in deoxygenated solutions (lanes B-Ar and R-Ar) that were purged with argon for 20 min prior to photolysis, which would deplete the majority of the dissolved oxygen in these samples. This remarkable behavior reveals that the ability of Ru(II)-Pt(II) to cleave DNA is not limited by its low singlet oxygen quantum yield, determined to be 0.06 (7) since it is likely that those conditions would result in substitution of the labile ligands and inhibit covalent binding to DNA.
We also investigated the reactivity of Ru(II)-Pt(II) with bovine serum albumin (BSA), a prototypical protein. Similar to the DNA experiment, samples containing the complex and BSA (in 1 : 1 and 10 : 1 molar ratios) were incubated in the dark or photolyzed under blue or red light for up to 3 h and analysed by electrophoresis. Interestingly, there was no detectable difference in the electrophoretic mobility of the treated and untreated samples under any of the conditions tested, including up to 3 h of photolysis (see Fig. S4 , ESI †). This is in striking contrast to the parent compound, [(Ph 2 phen) 2 Ru(dpp)] 2+ , which cleaves BSA even with 1 h of photolysis through an oxygen-dependent mechanism. 15 The monometallic complex shows a 10-fold longer lived excited state than Ru(II)-Pt(II), which results in a higher 1 O 2 quantum yield and significant BSA cleavage. 26 The difference in activity between BSA and DNA likely reflects the number of covalent binding sites in these molecules. Covalent binding of cisplatin to DNA occurs primarily at purine bases, 32 which account for 47% of the nitrogen bases in pUC19
DNA. In contrast, covalent binding to proteins occurs predominantly at exposed methionine, cysteine, and histidine residues, which make up less than 4% of the amino acids in BSA. 33 We hypothesize that without efficient covalent binding Although further experiments are needed to determine the affinity of Ru(II)-Pt(II) for protein in vivo, the apparent selectively for DNA over BSA suggests that this complex could exhibit decreased drug loss and off-target toxicity relative to other drugs. The octanol/water partition coefficient of Ru(II)-Pt(II) was determined to evaluate the hydrophobicity and lipophilicity of the complex, which are correlated with the ability to traverse and distribute throughout the body, the blood brain barrier, and cell membranes (the detailed experimental procedure presented in ESI †). The complex exhibited a log P o/w of 0.55, which falls in the range for optimal oral absorption and/or central nervous system penetration (+1.5 AE 1.0). 34 Based on log P o/w values (Table 1) , the title complex demonstrates increased potential for cell membrane permeability compared to cisplatin, carboplatin, and TMZ, which are FDA approved drugs for MG treatment. This is hypothesized to arise from the lipophilicity of the aromatic ligands within the Ru(II) PS subunit. 35 The potential for enhanced permeability was further corroborated through cellular uptake studies in which ICP-MS analysis was used to quantify intracellular platinum content. After 2 h incubation of F98 MG cells with Ru(II)-Pt(II) or cisplatin (75 mM) in the dark, the internalization of Ru(II)-Pt(II) was 18.75 AE 1.25 pmol per cell, which is 10 times higher than the corresponding value for cisplatin (see ESI †). Hence, coupling of the ruthenium PS dramatically increased the cellular uptake of the cisplatin moiety by F98 MG cells within a short period of exposure.
The cytotoxicity of Ru(II)-Pt(II) was evaluated relative to cisplatin in F98 rat MG cells by the trypan blue dye exclusion assay using an automated Vi-CELL s Cell Viability Analyzer.
As shown in Fig. 3 , in the absence of light Ru(II)-Pt(II) displayed no detectable cytotoxicity after 48 h of exposure at up to 50 mM concentration, with approximately 20% reduction in viability remaining at 75 mM. This was in contrast to cisplatin, which exhibited detectable effects on viability even at 25 mM. The observed difference could be due to the increased steric hindrance around the Pt moiety induced by the covalently-conjugated PS [(Ph 2 phen) 2-Ru(dpp)]
2+
. Additionally, the PS unit decreases electronic density at the Pt subunit, thus slowing down its aquation and allowing controlled photoactivation of the supramolecule. The low cytotoxicity of Ru(II)-Pt(II) in the dark is a critical feature of this molecule with regard to its potential as a PDT agent.
The cytotoxic activity of Ru(II)-Pt(II) increased dramatically after blue light irradiation (Fig. 4) . Two identical sets of samples were prepared and either incubated in the dark or irradiated in a lab-built LED array that emits blue light (470 nm, 4.35 J cm
À2
). For the photolysis treatment, cells were incubated for 15 min with 0 to 75 mM Ru(II)-Pt(II), photolyzed for 30 min, and left in the incubator for a final 15 min before the complex solution was removed and replaced with fresh medium. Photolysis had no effect on cell growth in the absence of the complex. However, in the presence of even the lowest concentration of Ru(II)-Pt(II) a strong antiproliferative activity was observed starting immediately after photolysis was completed (0 h time point). Further cell growth inhibition was observed after 48 h. Cells that were treated with Ru(II)-Pt(II) showed 60% lower viability following photolysis than those incubated in the dark, a dramatically enhanced light-induced toxicity. The effective concentration at which 50% of the cells showed a response (EC 50 ) was approximately 20 mM under photolysis conditions, which is lower than for either [(Ph 2 phen) 2 Ru(dpp)] 2+ or cisplatin alone. 15 Revisiting the results from the DNA gel shift assay, we propose that photoactivation of Ru(II)-Pt(II) leads to population of a Ru(dp) -dpp(p*) 3 MLCT state that produces oxidative stress and DNA platination, finally resulting in cell death. The synergistic effect between the two metals appeared to enhance the antiproliferative activities of each individual component towards aggressive MG cells. This promising result encourages further investigation on bimetallic supramolecular complexes as potential new PDT agents for cancer treatment. In summary, [(Ph 2 phen) 2 Ru(dpp)PtCl 2 ]Cl 2 appears to exhibit synergistic effects between the metal centers, enabling multiple toxicity pathways (i.e. platination and oxidative stress) that lead to the enhanced cytotoxicity observed herein. In vitro assays showed preferential photoactivated modification of DNA, with little effect on protein under the conditions used here. This potential selective reactivity could minimize off-target binding and cytotoxic side effects in vivo. The present study provides the first example of a blue light photoactivated anticancer platinum(II) complex with activity against F98 rat MG cells following short-term drug exposure. These results suggest that [(Ph 2 phen) 2 Ru(dpp)PtCl 2 ]Cl 2 could provide the basis for development of an effective multifunctional PDT agent for treatment of human glioblastoma multiforme and other severe cancers.
